The structural and magnetic properties of multiferroic CuO have been studied by means of neutron and x-ray powder diffraction at pressures up to 11 and 38 GPa, respectively, and by first-principles theoretical calculations. Anomalous lattice compression is observed, with enlargement of the lattice parameter a, reaching a maximum at P = 13 GPa, followed by its reduction at higher pressures. The lattice distortion of the monoclinic structure at high pressures is accompanied by a progressive change of the oxygen coordination around Cu atoms from the square fourfold towards the octahedral sixfold coordination. The pressure-induced evolution of the structural properties and electronic structure of CuO was successfully elucidated in the framework of full-electronic density functional theory calculations with range-separated HSE06, and meta-generalized gradient approximation hybrid M06 functionals. The antiferromagnetic (AFM) ground state with a propagation vector q = (0.5,0, − 0.5) remains stable in the studied pressure range. From the obtained structural parameters, the pressure dependencies of the principal superexchange magnetic interactions were analyzed, and the pressure behavior of the Néel temperature as well as the magnetic transition temperature from the intermediate incommensurate AFM multiferroic state to the commensurate AFM ground state were evaluated. The estimated upper limit of the Néel temperature at P = 38 GPa is about 260 K, not supporting the previously predicted existence of the multiferroic phase at room temperature and high pressure.
I. INTRODUCTION
The transition metal oxides demonstrate a rich variety of challenging physical phenomena, including hightemperature superconductivity, multiferroicity, colossal magnetoresistance, and charge and orbital ordering, which are currently the focus of extensive scientific research [1] [2] [3] [4] . In particular, the layered cuprates, exhibiting the highest known critical superconducting temperatures (T C ) up to 138 K, have been thoroughly studied over last decades [4, 5] . The simplest copper oxide sharing general structural features with the complicated structures of layered cuprates is a tenorite, CuO. The formation of the charge stripes, one of the key features characteristic for high-T C superconductors, was revealed in CuO [6] . CuO is a charge transfer insulator, and it crystallizes in the monoclinic structure with C2/c symmetry [7] . The long-range incommensurate spiral antiferromagnetic (AFM) state is formed in CuO at T N = 230 K, followed by the first-order transition into the commensurate AFM state below T N1 = 213 K [8] .
The recent discovery of ferroelectric polarization induced by the spiral magnetic order in the incommensurate AFM phase of CuO consigned this material as improperly multiferroic, with one of the highest ferroelectric transition temperatures known so far for this class of compounds [9] . Subsequent theoretical calculations predicted that the multiferroic incommensurate phase of CuO, existing only in a narrow temperature range 213-230 K at ambient pressure, can be stably extended into the ground state in the temperature domain from 0 to above 300 K at high pressures of 20-40 GPa [10] . However, these calculations were based on the experimental studies of the crystal and magnetic structures of CuO performed previously in limited pressure ranges up to about 10 and 2 GPa, respectively [11, 12] . More recently, a possible change of the magnetic order in CuO at P ∼ 4 GPa was assumed from the high-pressure behavior of Raman spectra [13] .
In this work, we explore the crystal and magnetic structure of CuO in the extended pressure range up to 38 and 11 GPa, respectively, by means of x-ray and neutron powder diffraction. We find that CuO demonstrates an anomalous lattice compression, resulting in the sign-reversal pressure behavior of the a lattice parameter and gradual modification of the oxygen coordination around Cu atoms from the square fourfold towards the octahedral sixfold coordination at P ∼ 12 GPa. Extensive first-principles calculations are performed for the analysis of the observed structural anomalies in CuO as well as the evolution of the electronic structure. The structural data are used to explore the pressure behavior of the magnetically ordered states.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A commercially available powdered CuO sample of 99.9% purity was used in the experiments. The angle-dispersive x-ray powder diffraction (XRD) patterns at pressures up to 38 GPa and ambient temperature were measured at the Extreme Conditions Beamline [14] (P02.2, PETRA III, DESY, Germany) using a wavelength λ = 0.29118Å. A BX90-type diamond anvil cell [15] was used for the XRD experiments. Diamonds with culets of 300 μm were used. The sample was loaded into a 150-μm-diameter hole made in the Re gasket indented to about 25 μm thickness. Neon gas loaded under pressure of ∼0.15 GPa was used as a pressure-transmitting medium. The pressure was determined by the ruby fluorescence technique. The two-dimensional XRD images were converted to onedimensional diffraction patterns using the FIT2D program [16] .
The neutron powder diffraction measurements at pressures up to 11 GPa were performed at selected temperatures in the range 4-290 K with DN-12 [17] and DN-6 diffractometers (IBR-2 pulsed reactor, Joint Institute for Nuclear Research [JINR], Russia). A sample with a volume of about 2 mm 3 was loaded into the sapphire anvil high-pressure cell [18] . The diffraction patterns were collected at scattering angles of 90°and 45°with a resolution of d/d = 0.015 and 0.022, respectively. The data from the XRD and neutron powder diffraction experiments were analyzed by the Rietveld method using the FullProf program [19] .
The density-functional theory (DFT) calculations were carried out in the spin-unrestricted formalism with the CRYS-TAL14 code [20] . The initial model of the crystallographic and magnetic unit cell used in the calculations and visualized with the VESTA program [21] is presented in Fig. 1 , referring to the monoclinic C2/c structure and the lattice parameters a = 4.680,b = 3.412, c = 5.108Å, and β = 99.526
• . Due to the large computational cost of the employed methodology, a simplified AFM arrangement of Cu spins was used (Z = 4), rather than a fully extended model with a propagation vector q = (0.5,0, − 0.5), as proposed by Forsyth et al. [8] .
The electronic orbitals were expanded as linear combinations of the atom-centered orbital (LCAO) Gaussian-type functions, with an exact treatment of the core electrons, i.e., without use of pseudopotentials. We employed the triple-zeta valence with polarization quality (TZVP) full-electron basis set for copper according to Ruiz et al. [22] , along with the def2-TZVP basis set for oxygen [23] . The self-consistent field (SCF) calculations were converged to a tolerance of 10 −8 a.u. per unit cell, with a Monkhorst-Pack grid of 8 × 8 × 8 points for the sampling of the reciprocal space. The truncation of the Coulomb and exchange sums in direct space was controlled by setting the Gaussian overlap set to 7 × 7 × 7 × 9 × 30. The geometry optimization under external hydrostatic pressure was performed with the root-mean-square errors (RMS) for the energy gradients and maximal atomic displacements converged to 0.00025 a.u. and 0.0005 a.u., respectively.
The bond critical point analysis and the determination of atomic basins within the quantum theory of atoms in molecules (QTAIM) framework was done using the TOPOND code [24] , providing grids of scalar properties, such as the electron localization function (ELF).
III. RESULTS AND DISCUSSION
A. First-principles modeling of the structural parameters of CuO: A survey of performance of hybrid exchange-correlation functionals
The previous first-principles studies of CuO at high pressure were focused on the analysis of multiferroic properties and magnetic interactions [10] . In addition, the possible existence of some new structural polymorphs at very high pressures (above 70 GPa) as well as relevant evolution of the Jahn-Teller structural distortions were also explored [25] . In the work by Rocquefelte et al. [10] and other relevant studies at ambient pressure [26, 27] , the Hubbard-corrected generalized gradient approximation (GGA+U) and local density approximation (LDA+U) calculations were performed by adding the on-site term to the Cu(3d) states. The authors were able to reasonably reproduce the total volume decrease at large pressure, but they did not report the evolution of the cell parameters and internal coordinates. Here, we refer to application of more robust hybrid exchange-correlation functionals. Table I provides a survey for performance of several hybrid functionals selected to describe the structural parameters of CuO at ambient pressure [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . For a comparison, the standard global hybrid functionals were used with the portion of the exact Hartree-Fock (HF) exchange varied from 16% to TABLE I. The unit cell parameters of monoclinic CuO at ambient pressure from the synchrotron x-ray diffraction and according to the DFT/LCAO/TZVP calculations with different hybrid functionals.
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B1WC [28] 25%, and further extended to 27% with the meta-GGA hybrid M06 scheme. This comparison was extended to the rangeseparated hybrids, which evaluate the HF exchange only in the short-range (SR), middle-range (MR), or long-range (LR). By inspection of Table I , it is clear that no dramatic difference can be found, since all the functionals were able to provide the absolute mean error of the cell parameters better than 3%. Interestingly, the meta-GGA hybrid M06 scheme gives an exceptionally low overall error of 1.0%. The Perdew-Burke-Ernzerhof (PBE)0 and Heyd-ScuseriaErnzerhof (HSE)06 schemes, which can be treated as the most-standard hybrid functionals for solid-state calculations, act identically with an average error of 2%. Their similar performance suggests that the exact exchange is critical only at the short-range, since both functionals share the same founding of the PBE0 family [33] .
B. Crystal structure at high pressure: Experiment and calculations
The XRD patterns of CuO, measured at selected pressures and ambient temperature, are shown in Fig. 2 . They are consistent with the monoclinic C2/c symmetry in the entire studied pressure range up to 38 GPa. The obtained pressure evolution of the unit cell volume is presented in Fig. 3 , along with the results of first-principles calculations performed using the PBE0 family of hybrid functionals and the meta-GGA global hybrid (M06).
While the results of the M06 calculations match perfectly to the x-ray data, the HISS (Henderson -Izmaylov -ScuseriaSavin) and PBEsol0 calculations underestimate the unit cell volume. The GGA+U results by Rocquefelte et al. [10] also underestimate the unit cell volume, which becomes even more pronounced at higher pressures (Fig. 3) . The PBEsol0 tends to overbind the CuO structure, as it was simply optimized in terms of the exchange enhancement factor, F x (s), in order to avoid a repulsive nature of the standard semilocal GGA. Taking this into account, the HSE06 and M06 functionals were selected for further modeling of the structural and electronic properties of CuO at high-pressure conditions.
The experimental volume compression data were fitted by the third-order Birch-Murnaghan equation of state [40] . The obtained bulk modulus [B 0 = − V (dP /dV ) T ] and its pressure derivative [B = (dB 0 /dP ) T ], B 0 = 88(5) GPa and B = 7.5 (8) , are comparable with values previously obtained in the limited pressure range up to 9 GPa [11, 41] .
The lattice compression of CuO demonstrates an anomalous character (Fig. 4) . The a lattice parameter exhibits expansion at moderate pressures, reaching the maximal value at P ≈ 13 GPa and decreasing at higher pressures. After subsequent compression, its resulting value at P = 38 GPa,a = 4.6966(2)Å, becomes about the same as the initial value at ambient pressure, 4.6948(1)Å. The same trend has been properly reproduced with calculations using both the HSE06 and M06 functionals (Fig. 4) . In the former case, the expansion is predicted up to 7 GPa, while in the latter case, it is predicted up to 15 GPa.
The shortest b lattice parameter is the most compressible, with average compressibility [ studied pressure range, with a pronounced change in the average pressure coefficient in the pressure region P ∼ 13 GPa, corresponding to the maximum in the pressure dependence of the a lattice parameter (Fig. 4) .
The neutron diffraction patterns of CuO, measured at selected pressures up to 11 GPa and temperatures 10 and 290 K, are shown in Fig. 5 . In the monoclinic crystal structure of CuO, the oxygen atoms located at 4(e) sites (0 y 1/4) form (Fig. 6) .
The oxygen coordinate y as a function of pressure, determined from the Rietveld refinements of the neutron diffraction data at T = 10 K, is shown in Fig. 7 . The obtained values of the Cu-O bonds located in the square planes are very close; their difference is less than 1% in the studied pressure range. The nearest-neighbor copper atoms form a regular tetrahedron around the oxygen atoms. Therefore, about the same values of the Cu-O bonds point to the locations of the O atoms practically in the geometrical center of this tetrahedron (Fig. 6 ). This confinement easily enables calculation of the oxygen coordinate y from copper positions with fixed coordinates in the extended pressure range up to 38 GPa from the XRD data, although it is much less sensitive for direct accurate determination of light oxygen atoms positions. One should also note that the y value has very weak temperature variation not exceeding 0.5% in the considered temperature range [42] . Both the calculated and experimental positions of oxygen coordinates as well as average Cu-O bonds in square planes as functions of pressure are in very good agreement (Fig. 6) . These Cu-O bonds are weakly modified by pressure and have compressibility k = 0.0005 GPa −1 . The monoclinic C2/c structure of CuO is a highly distorted analogue of the face-centered NaCl-type cubic structure, typical for relevant transition metal oxides such as MnO, FeO, and NiO and characterized by the octahedral oxygen coordination of transition metal ions. The peculiar structure of CuO has been attributed to a Jahn-Teller-like distortion caused by the unpaired d electron, which is also related to the magnetic moments and band structure of CuO [7, 43] .
Due to the high distortion in CuO, there are two additional Cu-O distances, the values of which at ambient pressure are 2.79Å, i.e., about 1.5 times longer in comparison with the nearest-neighbor bonds in square planes (Fig. 6) . The longer Cu-O distances are strongly compressed in the moderate pressure range up to about 10 GPa, with compressibility k 1 = 0.01 GPa −1 , i.e., twenty times larger in comparison with the value for the bonds forming square planes. This is, hence, a pathway of internal compression in CuO at lower pressures, and it clearly demonstrates that chemical bonding between these involved Cu and O atoms is either absent or very weak.
At pressures above 10 GPa, the compressibility of the longer Cu-O distances is reduced significantly to k 1 = 0.003 GPa −1 , and it evolves further similarly to the square-planar bonds. The values of these distances at 38 GPa, 2.27Å, become comparable with those of Cu-O bonds in square planes of 1.92Å, with a relative difference of only 15%. This provides evidence for a change of the nearest-neighbor oxygen coordination around copper atoms from the fourfold square to the sixfold octahedral coordination in the monoclinic crystal structure of CuO at P > 13 GPa. The observed anomalies in pressure behavior of the a lattice parameter and the β monoclinic angle may be associated with the isostructural phase transformation, caused by the modification of the oxygen coordination and the involved chemical bond strengths.
The calculations with the HSE06 and M06 functionals reproduce the characteristic features of the pressure behavior of structural parameters of CuO (Fig. 7) . In addition, they predict some splitting between the in-plane Cu-O bonds, which is somewhat overestimated in comparison with the previous [11] and present experimental data, and it is enhanced upon compression. Nevertheless, this splitting remains quite small and reaches a value of only about 2% in the studied pressure range up to 38 GPa, generally supporting the approach to the treatment of experimental data proposed here.
C. Electronic structure under pressure
To shed more light on the character of the CuO bonding, we employed topological analysis of the electron density in terms of Bader's quantum theory of atoms in molecules [44] (QTAIM), further supported by ELF analysis [45] . We refer here to the HSE06 results (see Fig. 8 ), for the sake of consistency with the most popular computational approaches used in the literature (i.e., due to the Vienna Ab initio Simulation Package [VASP] implementation).
The QTAIM analysis identifies clearly the (3,−1) type critical points associated with three different Cu-O bonds in a hypothetical octahedra: the short square-plane (x,y) and long-axis (z) points. The charge transfer in the direction of the oxygen nuclei dominates here, and the electron density ρ(r) is therefore more concentrated in the atomic basins. Such interaction is typical for the closed-shell bonds in ionic crystals. The ionic nature of the analyzed bonds is evidenced from the analysis of the Laplacian of the electron density ∇ 2 ρ scalar field. Since ∇ 2 ρ > 0 in each case, depletion of the electronic distribution is found.
The pressure behavior of the Laplacian of the electron density demonstrates nearly linear enlargement with slight modifications of the slope for the shorter in-plane (x,y) and the long out-of-plane (z) Cu-O distances at P ∼ 12 GPa, corresponding to the observed structural anomalies. The relevant Laplacian value for the long Cu-O distance is about an order of magnitude smaller with respect to those corresponding to the short Cu-O bonds at ambient pressure. This relative difference is reduced more than three times upon compression up to 38 GPa. It implies a pronounced strengthening of the chemical bonds corresponding to the long Cu-O distances and supports a pressure-induced change from the fourfold to the sixfold oxygen coordination in CuO.
The results of the ELF analysis are presented on the right panel of Fig. 8 . The ELF can be essentially defined as electron localization index mapping of the inverse probability of finding two electrons with the same spin at a given point in space. The presented isosurfaces clearly confirm the transfer of electrons into the oxygen shells. While covalent bonds must correspond to the ELF maxima located between the ions, the closed shells are here separated by ELF minima. In this case, the interactions are clearly ionic. The considerably distorted shape of the ELF spheres remains constant all the way through. There is no qualitative difference in their curvature when comparing the zero-pressure and 37.5 GPa data, which confirms further that the ionic bonding character in CuO does not change in the studied pressure range.
In addition to the ELF analysis, the density of electronic states (DOS) was also followed with pressure (Fig. 9) . Initial calculations performed for the simplified spin arrangement model with Z = 4, used all throughout this work, revealed some differences in comparison with the results obtained for the experimentally observed spin arrangement model with Z = 8 by Rödl et al. (compared to calculations by the HSE06 with the short-range HF exchange fraction α = 0.25 therein) [46] . Particularly, the simplified model with Z = 4 results in an unoccupied d(x 2 − y 2 ) state with a less pronounced peak, which is spread over a wider energy range and results in a reduced band gap of 1.9 eV compared to that of about 3.1 eV for the Z = 8 model. Due to this, additional calculations for the AFM spin arrangement model with Z = 8 were also performed ( Fig. 9) for pressure values of 0 and 37.5 GPa. FIG. 9 . The pressure dependence of the density of electronic states (DOS) in antiferromagnetic CuO at P = 0 and 37.5 GPa, according to the CRYSTAL14/HSE06/TZVP calculations for the Z = 8 AFM spin arrangement. The contributions from the e g and t 2g states of Cu (3d) are projected using the local coordinate system centered on Cu, where the x and y axes are directed approximately to four neighboring oxygen atoms. The top of the valence band is aligned to 0 eV.
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Application of high pressure leads to more pronounced changes in the density of e g states. The peak in the unoccupied minority spin x 2 − y 2 states in the conduction band becomes more pronounced due to its narrowing, while another characteristic peak in the majority spin x 2 − y 2 states located at the bottom of the valence band, in contrast, noticeably broadens over a larger energy range (Fig. 9) . The x 2 − y 2 states were also found to strongly hybridize with 2p oxygen orbitals, consistent with Ref. [46] . The shortening of the apical-like Cu-O bonds upon pressure also results in an increase of the z 2 contributions in the valence regime, but it still does not change the nature of the valence state. The DOS behavior reflects no principal changes in the character of the Jahn-Teller structural distortions in CuO in the studied pressure range, as also supported by the experimental and calculated data upon pressure modification of the Cu-O distances. At the studied pressure range, the theoretical band gap lowers by no more than 0.3 eV.
D. Magnetic ordering
In the neutron diffraction patterns, measured at ambient pressure, appearance of the magnetic peak (± q x ,0, ± q z ) at d ≈ 7.38Å was observed below T N ≈ 230 K (Fig. 5) , corresponding to formation of the AFM state with propagation vector q = (q x ,0,q z ). The components of the propagation vector were found to be incommensurate, q x = 0.505 and q z = −0.487, in the temperature range 215-230 K and commensurate, q x = − q z = 0.5, for temperatures below 215 K, in accordance with earlier studies [8, 12] . The obtained value of the Cu ordered magnetic moment at T = 10 K is μ = 0.85(5)μ B , which is comparable with values reported previously, i.e., 0.65-0.69μ B [8, 47] . From the analysis of the neutron diffraction data, it was found that the commensurate AFM phase remains in the ground state at low temperatures in the studied pressure range up to 11 GPa.
The principal magnetic interactions responsible for the observed symmetry of the magnetic ground state in CuO are superexchange interactions in crossing Cu-O-Cu chains, containing antiferromagnetically coupled Cu magnetic moments with spins S = 1/2 along the [10-1] direction and ferromagnetically coupled moments along the [101] direction (Fig. 6) . The superexchange in the Cu-O-Cu chains along the direction is the principal AFM magnetic interaction. Its relatively large absolute value, J ≈ 67-80 meV [47, 48, 49] , is responsible for the high magnetic ordering temperature T N = 230 K. The superexchange in the Cu-O-Cu chains along the [101] direction was found to be weakly ferromagnetic (FM), with the absolute value J 1 ≈ 5 meV [48, 49] . An interplay of these AFM and FM interactions is likely responsible for appearance of the intermediate incommensurate AFM phase in CuO [9, 12] . The strong anisotropy of magnetic interactions with J /J 1 ≈ 16 results in the quasi-one-dimensional behavior of the magnetic properties of CuO [50] . An important role of the second-neighbor superexchange interactions J 2 between Cu-O-Cu chains along the direction has also been pointed out [10, 43] . These interchain interactions are rather weak and comparable in magnitude with J 1 .
In a theoretical study [51] , the relationships among the Néel temperature (T N ) and intrachain (J ) and interchain (J 2 ) magnetic couplings for a quasi-one-dimensional Heisenberg antiferromagnet were calculated using Monte Carlo simulations and random phase approximation (RPA) as:
where constants values are c = 0.233 and λ = 2.6.
Taking the values of the dominant intrachain magnetic coupling J = 67 meV and T N = 230 K, the magnitude of the interchain coupling is evaluated as J 2 = 13.4 meV. This value is comparable with that previously calculated at ambient pressure, i.e., 20 meV [10, 43] .
The strength of superexchange interactions in cuprates has a direct relationship with the variation of the Cu-O-Cu bond angles (ϕ), while it is nearly independent of variation in the Cu-O distances [8, 50] . The Cu-O-Cu superexchange strength decreases gradually on departure of the bond angle from 180°, and it changes character from AFM to FM approaching the ϕ = 90
• limit. The pressure dependencies of the intra-and interchain Cu-O-Cu bond angles obtained from the neutron and XRD data are shown in Fig. 7 along with the values provided by the HSE06 and M06 calculations. The ϕ 10−1 angle mediating the strongest intrachain AFM superexchange interactions exhibits the largest pressure variation, and it increases from 146.2°t o 165.5°in the pressure range 0-38 GPa. Another intrachain angle, ϕ 101 , mediating weaker FM superexchange interactions, decreases much more slowly from 108.4°to 98.6°. The interchain bond angles also demonstrate weak reduction upon compression up to 38 GPa: ϕ ic1 decreases from 104°to 96°, and ϕ ic2 decreases from 95.6°to 92.7°. The first-principles calculations reproduce qualitatively the experimentally observed trends in pressure behavior of the intra-and interchain angles. In particular, calculations with the HSE06 functional describe more precisely the pressure dependencies of the ϕ 10−1 ,ϕ 101 , and ϕ ic2 angles, while calculations with the M06 functional provide better description of the pressure dependence of the ϕ ic1 angle (Fig. 7) .
Using the experimental dependencies of the Cu-O-Cu bond angles, it is possible to evaluate the pressure dependence of the Néel temperature using the expression in Eq. (1). In the calculation procedure, the empirical relationship between the superexchange interaction strength and the Cu-O-Cu bond angle, derived in Refs. [8, 50] , was used to determine the pressure dependence of the dominant intrachain magnetic coupling J . The main contribution to the interchain magnetic coupling is given by the second-neighbor superexchange interaction J 2 , mediated by the ϕ ic2 bond angle. The weak pressure dependence of this angle (Fig. 7) allows us to neglect the pressure variation of this magnetic coupling in the considered pressure range, keeping it as the constant evaluated at ambient pressure, J 2 = 13.4 meV. This assumption is consistent with the theoretical calculations [10] , which evidenced weak modification of this J 2 magnetic coupling in the considered pressure range.
The calculated pressure dependence of the Néel temperature (Fig. 10 ) exhibits a nonlinear increase with a pressure coefficient dT N /dP ≈ 2.4 K GPa −1 at moderate pressures, which decreases noticeably to about 0.3 K GPa variation of the ϕ 10−1 bond angle, demonstrating a similar saturation trend (Fig. 7) . As a result, the calculated T N value is about 253 K at P = 38 GPa. It remains far below ambient temperature, in contrast to the theoretical predictions [10] , based on the structural data measured in the limited pressure range below 10 GPa. The present evaluation of the pressure coefficient dT N /dP at moderate pressures is consistent with the value 2.8 K GPa −1 , as determined in previous neutron scattering experiments for the pressure range up to 1.8 GPa [12] . Due to the small value of the ordered Cu magnetic moment, it is difficult to evaluate directly the pressure behavior of the magnetic transition temperature from its temperature variation using the neutron diffraction data. Nevertheless, the T N and T N1 values can be associated with the peculiarities in the temperature dependencies of the monoclinic angle (Fig. 10) caused by the magnetolattice coupling effects [42] . An increase of the Néel temperature T N from 230 to about 250 K (Fig. 10 ) and a decrease of the transition temperature T N1 from the intermediate incommensurate to the commensurate AFM ground state from 215 to about 190 K are estimated for the pressure range 0-11 GPa. The corresponding pressure coefficients dT N /dP ≈ 1.8 K GPa and dT N1 /dP ≈ −2.3 K GPa −1 are comparable with ones derived from the calculated pressure dependence of the Néel temperature above and experimental data obtained in the restricted pressure range up to 1.8 GPa [12] . A comparison shows that the calculation procedure based on Eq. (1) with coefficients c = 0.233 and λ = 2.6 from Ref. 52 somewhat underestimates the T N value (Fig. 10 ). Considering these coefficients as the variable parameters in the fitting procedure, the experimentally determined pressure dependence of the Néel temperature can be described satisfactorily by Eq. (1) with values c = 0.274 and λ = 1.5 (Fig. 10) . Nevertheless, the estimated value T N ≈ 262 K at P = 38 GPa in this modified approach still remains noticeably below ambient temperature.
IV. CONCLUSIONS
The present results demonstrate that the copper oxide CuO undergoes an anomalous lattice compression. It is associated with the isostructural phase transformation, leading to a change of the oxygen coordination around Cu atoms from the square fourfold to the octahedral sixfold coordination. State-of-the art first-principles calculations based on the application of the modern hybrid-DFT HSE06 and M06 approaches were employed with high accuracy, providing successful description of the pressure evolution of the structural parameters and the electronic structure of the monoclinic CuO.
The application of high pressure leads to a significant increase of the Cu-O-Cu bond angle, mediating the strength of the dominant AFM superexchange interactions in the zigzag chains oriented along the [10-1] direction. The in-plane Cu-O bond lengths and the rest of the Cu-O-Cu intrachain and interchain bond angles exhibit a less-pronounced decrease upon compression. The commensurate AFM ground state remains stable, and the transition temperature to the intermediate incommensurate multiferroic AFM state decreases from 215 to about 190 K in the pressure range 0-11 GPa. The calculated pressure dependence of the Néel temperature demonstrates a saturation trend at pressures above 20 GPa, and it reaches a value of T N ∼ 260 K at P = 38 GPa. This implies that the temperature region corresponding to the incommensurate multiferroic phase is extended under pressure, but it likely remains far below ambient temperature in the studied pressure range up to 38 GPa.
